The present geothermal characteristics and influencing factors are analyzed to conduct geothermal resource exploration in the Xiong'an New Area. Thermal conductivity data for 100 rock samples are obtained from different wells and a sedimentary strata thermal conductivity column is proposed. From these data, heat flow distribution in the area is mapped using equilibrium temperature logs obtained for 32 wells. The heat flow in this area is found to be 53.3-106.5 mW·m −2 (average: 73 mW·m −2 ). The uplift heat value in Niutuozhen and Rongcheng uplift is 106.5 and 90 mW·m −2 , respectively. The sag heat flow is relatively low and the Baxian sag's heat flow value is 48.9-61.6 mW·m −2 . Thermal conductivity differences among Cenozoic caprock, Proterozoic carbonate reservoirs, and basement rock mainly affects the geothermal distribution. The low and high thermal conductivities of the caprock and thermal reservoir as well as basement, respectively, cause heat flow redistribution in the surface during conduction. Groundwater rises to geothermal reservoirs through heat-controlling faults, causing convective heat transfer and increasing the geothermal reservoir temperature; therefore, high-temperature groundwater accumulates in the shallow uplift areas. The caprock's thin uplift area exhibits a high geothermal background due to water convergence. Understanding the geothermal characteristics and influencing factors is necessary for understanding the distribution law and factors influencing geothermal resources and guiding geothermal exploration and development in the Xiong'an New Area.
Introduction
The geotemperature of a sedimentary basin embodies the present thermal state of the basin and is controlled by the deep lithosphere thermodynamic processes and tectonic evolution of the shallow basin. Geothermal gradient, terrestrial heat flow, thermal conductivity, and radioactive heat production are important evaluation parameters for geothermal research and resource exploration [1] [2] [3] . Many factors, such as fault zones [4] , regional structure, magmatic activity, and groundwater activity, affect the geothermal field.
Faults mainly act as heat transfer channels, resulting in local geothermal anomalies because the Miocene fault activity significantly influences the geothermal field [5] . Different tectonic forms, such as uplifts and depressions, caused by the tectonic movements change the horizontal and vertical thermal conductivity of rocks, refracting and redistributing the heat flow to gather in uplifts [6] [7] [8] [9] . The thermogenesis from magmatic activity, especially the Cenozoic magmatic activity, affects the [20] ). Geotectonic location and regional geological map of the Xiong'an New Area (a); Stratigraphy and geological distribution characteristics of the Xiong'an New Area (b).
The Jizhong Depression is a Mesozoic-Cenozoic deposit developed on the basement of the North China platform with a NE-SW strike. It is surrounded by the Yanshan, Xingheng, Taihangshan, and Cangxian uplift to the north, south, west, and east, respectively. In the Jizhong Figure 1 . Structural unit divisions and stratigraphy distribution characteristics of the Xiong'an New Area (subfigure a adapted from Qiu [20] ). Geotectonic location and regional geological map of the Xiong'an New Area (a); Stratigraphy and geological distribution characteristics of the Xiong'an New Area (b). The Jizhong Depression is a Mesozoic-Cenozoic deposit developed on the basement of the North China platform with a NE-SW strike. It is surrounded by the Yanshan, Xingheng, Taihangshan, and Cangxian uplift to the north, south, west, and east, respectively. In the Jizhong Depression, the current geothermal gradient at a depth of 3000 m is 20. .0 • C/km with an average of 31.6 • C/km and terrestrial heat flow is 48.7-79.7 mW·m −2 , both of which have a west-to-east increasing trend. The planar distribution corresponds well with the basement topographic relief [23] . The geothermal gradient and temperature of the Niutuozhen uplift are high, whereas they are low in the Langgu and Baxian sags. The Xiong'an New Area is in the Jizhong Depression, and the tectonic unit includes three uplifts, i.e., the Rongcheng, Gaoyang, and Niutuozhen uplifts, and three sags, i.e., the Baxian, Raoyang, and Baoding sags.
The North China Basin underwent the following tectonic evolution: the formation period of the metamorphic crystalline basement was from the Archean to Paleoproterozoic; there were three stages of fault-depression development from the Meso-Neoproterozoic to Neogene; and the North China Basin entered a stable sedimentary stage since the Neogene. During the late Jurassic, the subduction of the Kula Plate to NNW caused the North China Basin exhibit a NE-to-NNE tectonic framework. Three stages of fault-depression evolution led the tectonic features to be interphased with faults and depressions, forming multiperiod faulted depression stacked basins [13, 24] . The area's stratigraphic column ( Figure 2b ) shows four layers of geothermal reservoirs, i.e., the Nm formation of the Neogene, Guantao formation of the Neogene, Gaoyuzhuang formation of the Jixian system, and Jxw Formation of the Jixian system. Depression, the current geothermal gradient at a depth of 3000 m is 20.8-41.0 °C/km with an average of 31.6 °C/km and terrestrial heat flow is 48.7-79.7 mW·m −2 , both of which have a west-to-east increasing trend. The planar distribution corresponds well with the basement topographic relief [23] . The geothermal gradient and temperature of the Niutuozhen uplift are high, whereas they are low in the Langgu and Baxian sags. The Xiong'an New Area is in the Jizhong Depression, and the tectonic unit includes three uplifts, i.e., the Rongcheng, Gaoyang, and Niutuozhen uplifts, and three sags, i.e., the Baxian, Raoyang, and Baoding sags. The North China Basin underwent the following tectonic evolution: the formation period of the metamorphic crystalline basement was from the Archean to Paleoproterozoic; there were three stages of fault-depression development from the Meso-Neoproterozoic to Neogene; and the North China Basin entered a stable sedimentary stage since the Neogene. During the late Jurassic, the subduction of the Kula Plate to NNW caused the North China Basin exhibit a NE-to-NNE tectonic framework. Three stages of fault-depression evolution led the tectonic features to be interphased with faults and depressions, forming multiperiod faulted depression stacked basins [13, 24] . The area's stratigraphic column ( Figure 2b ) shows four layers of geothermal reservoirs, i.e., the Nm formation of the Neogene, Guantao formation of the Neogene, Gaoyuzhuang formation of the Jixian system, and Jxw Formation of the Jixian system.
The Jxw Formation's geothermal reservoirs mainly comprise dolomite and calcite dolomite and are characterized by wide distribution, shallow burial, high temperature, large reserves, and excellent water quality [25] . This formation has a high mining value (high temperature and rich water) and currently holds the key in the development of geothermal resources. The Cenozoic strata mainly consist of sand and mudstone, which is a good heat storage barrier with low thermal conductivity. The Jxw Formation's geothermal reservoirs mainly comprise dolomite and calcite dolomite and are characterized by wide distribution, shallow burial, high temperature, large reserves, and excellent water quality [25] . This formation has a high mining value (high temperature and rich water) and currently holds the key in the development of geothermal resources. The Cenozoic strata mainly consist of sand and mudstone, which is a good heat storage barrier with low thermal conductivity. 
Present Geothermal Field

Geothermal Temperature Data of Boreholes and Oil Testing
The borehole temperature data mainly include the measurement data of stationary-borehole temperature, static-well temperature, oil-testing temperature, and nonstationary-borehole temperature.
To study the sedimentary basin geothermal characteristics, the system steady-state temperature measurements and oil-testing temperature data are considered to be the most reliable. This study collected temperature data from 13 geothermal [19, 26] and 19 oilfield wells [23] in the study area, obtaining the geothermal gradient for each by temperature-depth linear fitting (Figures 3 and 4 ).
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Present Geothermal Field
Geothermal Temperature Data of Boreholes and Oil Testing
To study the sedimentary basin geothermal characteristics, the system steady-state temperature measurements and oil-testing temperature data are considered to be the most reliable. This study collected temperature data from 13 geothermal [19, 26] and 19 oilfield wells [23] in the study area, obtaining the geothermal gradient for each by temperature-depth linear fitting (Figures 3 and 4 ). Temperature-depth graph of the geothermal wells in Xiong'an New Area (adapted from Li [14] ). The temperature-measurement depths are as follows (m): ST2 (400-1000); HT2 (400-900); TYC2 (300-800); JBR (400-800); JT2 (300-800); LX3 (300-800); LY2 (300-800); SJC1 (400-800); ST5 (300-800); and JT1 (300-800). The measurement depths exhibit steady-state conduction. [14] ). The temperature-measurement depths are as follows (m): ST2 (400-1000); HT2 (400-900); TYC2 (300-800); JBR (400-800); JT2 (300-800); LX3 (300-800); LY2 (300-800); SJC1 (400-800); ST5 (300-800); and JT1 (300-800). The measurement depths exhibit steady-state conduction. Figures 3 and 4 , the temperature logging data of several wells can be clearly divided into an upper section with a conductive temperature curve without any groundwater activity interference and lower section with a convective temperature curve (e.g., ST2, TYC2, and NFH1). Majority of the conductive temperature curves are distributed in the Cenozoic strata and are shallow, and the convective temperature section mostly corresponds to the Proterozoic dolomite thermal reservoir. For example, the D6 well ( Figure 5 ) is in the Quaternary Nm formation above 1200 m, which has a main lithology of sandstone and mudstone exhibiting poor heat transfer performance and is mainly in the heat conduction mode. Below 1200 m, the D6 well is in the Jxw Formation, which mainly has a dolomite lithology, and can be expressed by the convection temperature curve.
As shown in
There are 30 systematic temperature logging wells in the Xiong'an New Area, majority of which are in the uplift areas (borehole locations in Figure 2a ). Only R47, R96, R104, and C9 wells are located in the depression areas and have geothermal gradients of 29.4 • C/km-38.1 • C/km, with an average of 33.3 • C/km. All the remaining wells are located in the uplift areas and have geothermal gradients ranging 34.9 • C/km-72.8 • C/km, with an average of 48.3 • C/km, which is significantly higher than the wells in the depression areas and exhibits an abnormally high geothermal field. Figures 3 and 4 , the temperature logging data of several wells can be clearly divided into an upper section with a conductive temperature curve without any groundwater activity interference and lower section with a convective temperature curve (e.g., ST2, TYC2, and NFH1). Majority of the conductive temperature curves are distributed in the Cenozoic strata and are shallow, and the convective temperature section mostly corresponds to the Proterozoic dolomite thermal reservoir. For example, the D6 well ( Figure 5 ) is in the Quaternary Nm formation above 1200 m, which has a main lithology of sandstone and mudstone exhibiting poor heat transfer performance and is mainly in the heat conduction mode. Below 1200 m, the D6 well is in the Jxw Formation, which mainly has a dolomite lithology, and can be expressed by the convection temperature curve. As shown in Figures 3 and 4 , the temperature logging data of several wells can be clearly divided into an upper section with a conductive temperature curve without any groundwater activity interference and lower section with a convective temperature curve (e.g., ST2, TYC2, and NFH1). Majority of the conductive temperature curves are distributed in the Cenozoic strata and are shallow, and the convective temperature section mostly corresponds to the Proterozoic dolomite thermal reservoir. For example, the D6 well ( Figure 5 ) is in the Quaternary Nm formation above 1200 m, which has a main lithology of sandstone and mudstone exhibiting poor heat transfer performance and is mainly in the heat conduction mode. Below 1200 m, the D6 well is in the Jxw Formation, which mainly has a dolomite lithology, and can be expressed by the convection temperature curve. The oil-testing temperature refers to the temperature data obtained by testing oil and pressure in the oil-bearing strata of production or exploration wells. The oil-testing temperature data can reflect the geothermal temperature distribution characteristics in the basin. This study collected 100 oil-testing data [18, 23] higher geothermal gradient value with an average value of approximately 39.9 • C/km. On the contrary, the depression oil-testing data fall below the trend line, indicating a low geothermal gradient, with an average of 29.9 • C/km. The geothermal field characteristics of the oil-testing data are consistent with those of the temperature logging data.
reflect the geothermal temperature distribution characteristics in the basin. This study collected 100 oil-testing data [18, 23] (Figure 6 ) published by previous research in the study area. The well locations are distributed in various parts of the Xiong'an New Area. The temperature logging depths were 795-4637.5 m and geotemperature was 56 °C-182.7 °C. The temperature generally varies linearly with depth; however, there are some abnormal values that deviate from the straight line. The oil-testing data have an average geothermal gradient of approximately 27.8 °C/km. Furthermore, the uplift and sag oil-testing data are separated, with the uplift data basically falling above the trend line, indicating a higher geothermal gradient value with an average value of approximately 39.9 °C/km. On the contrary, the depression oil-testing data fall below the trend line, indicating a low geothermal gradient, with an average of 29.9 °C/km. The geothermal field characteristics of the oil-testing data are consistent with those of the temperature logging data. Figure 6 . Schematic of the oil-testing temperature data.
Geothermal Gradient Distribution in Caprocks
Geothermal gradient is an important parameter for studying the geothermal state of the basin. Based on a previous analysis, caprock lithology is dominated by sand and mudstone, whereas the reservoir is dominated by dolomite and limestone [14] . Groundwater activity is strong in geothermal reservoirs, disturbing the geothermal field; therefore, a regular change in temperature with depth is not reflected. The geothermal gradient of the caprock was obtained on the basis of the oil-testing and system temperature data. Figure 7 shows a planar map of the geothermal gradient obtained in the area. The Xiong'an New Area has a high geothermal background, with a caprock geothermal gradient of 24.6 °C/km-72.8 °C/km with an average of 35 °C/km. This geothermal gradient is slightly greater than that observed in the Mesozoic-Cenozoic rifted basins of eastern China and is significantly higher than those of the Ordos Basin (24.4 °C/km) [2, 27] and Tarim Basin (20 °C/km) [28] . The caprock geothermal gradient shows obvious planar distribution characteristics. All the uplifts show geothermal abnormalities, Figure 6 . Schematic of the oil-testing temperature data.
Geothermal gradient is an important parameter for studying the geothermal state of the basin. Based on a previous analysis, caprock lithology is dominated by sand and mudstone, whereas the reservoir is dominated by dolomite and limestone [14] . Groundwater activity is strong in geothermal reservoirs, disturbing the geothermal field; therefore, a regular change in temperature with depth is not reflected. The geothermal gradient of the caprock was obtained on the basis of the oil-testing and system temperature data. Figure 7 shows a planar map of the geothermal gradient obtained in the area. The Xiong'an New Area has a high geothermal background, with a caprock geothermal gradient of 24.6 • C/km-72.8 • C/km with an average of 35 • C/km. This geothermal gradient is slightly greater than that observed in the Mesozoic-Cenozoic rifted basins of eastern China and is significantly higher than those of the Ordos Basin (24.4 • C/km) [2, 27] and Tarim Basin (20 • C/km) [28] . The caprock geothermal gradient shows obvious planar distribution characteristics. All the uplifts show geothermal abnormalities, with the Niutuozhen uplift having the highest geothermal gradient at 50.9 • C/km-57.4 • C/km, with an average of 54.5 • C/km, whereas the Rongcheng and Gaoyang uplifts have gradients of 38.8 • C/km-56.5 • C/km and 32 • C/km-39.7 • C/km, respectively, with respective averages of 44.8 • C/km and 36.3 • C/km. In comparison with the uplifts, the sags exhibit lower geothermal gradients, with the Baxian and Raoyang sags having geothermal gradients of 25.7 • C/km-33.9 • C/km and 27.9 • C/km-37.0 • C/km, respectively, with respective averages of 29.4 • C/km and 32 • C/km. In general, the Xiong'an New Area's geothermal gradient is consistent with respect to the basement relief, and the west-east geothermal gradient trend is low-high-low-high-low, which corresponds to the interphased uplift and depression tectonic pattern [18, 26] . 56.5 °C/km and 32 °C/km-39.7 °C/km, respectively, with respective averages of 44.8 °C/km and 36.3 °C/km. In comparison with the uplifts, the sags exhibit lower geothermal gradients, with the Baxian and Raoyang sags having geothermal gradients of 25.7 °C/km-33.9 °C/km and 27.9 °C/km-37.0 °C/km, respectively, with respective averages of 29.4 °C/km and 32 °C/km. In general, the Xiong'an New Area's geothermal gradient is consistent with respect to the basement relief, and the west-east geothermal gradient trend is low-high-low-high-low, which corresponds to the interphased uplift and depression tectonic pattern [18, 26] . 
Top Surface Temperature Distribution Characteristics of the Jxw Formation
The top depths of the Jxw Formation ( Figure 8 Based on the obtained geothermal gradient and known top depth in the Jxw Formation, the authors calculated the top surface temperature for each well in the Jxw Formation as follows:
where To ( • C) is the temperature at the constant temperature zone (set at 14
is the geothermal gradient of the sedimentary layer and T ( • C) is the temperature at a depth of Z (m). Therefore, the top surface temperature distribution of the Jxw Formation in the Xiong'an New Area can be obtained as shown in Figure 9 .
The reservoir top temperatures in the Xiong'an New Area vary with different structural units. The top depths of the thermal reservoir in the Rongcheng and Niutuozhen uplifts are relatively low, with an average depth of approximately 1200 m and top temperatures of 40 • C-90 • C, indicating an increase from north to south. The average geothermal reservoir top depth of the Gaoyang uplift is approximately 3000 m and its top temperature is high, i.e., 90 • C-135 • C, with an average temperature of 110 • C, increasing from north to south. The temperatures in the Baxian and Raoyang sag are high, with the highest value being observed in the latter, denoting an increasing northwest-to-southeast trend. The temperature is higher in the southeast, reaching up to 141 • C; however, the geothermal reservoir is buried deep at approximately 4300 m. In general, the geothermal conditions in the Rongcheng and Niutuozhen uplifts are feasible as high-temperature water is obtained in shallow areas, followed by the Gaoyang uplift, Baxian sag, and Raoyang sag. Based on the obtained geothermal gradient and known top depth in the Jxw Formation, the authors calculated the top surface temperature for each well in the Jxw Formation as follows:
where To (°C) is the temperature at the constant temperature zone (set at 14 °C), Z is the depth (m), G (km/°C) is the geothermal gradient of the sedimentary layer and T (°C) is the temperature at a depth of Z (m). Therefore, the top surface temperature distribution of the Jxw Formation in the Xiong'an New Area can be obtained as shown in Figure 9 . 
Distribution Characteristics of the Current Geothermal Heat Flow in the Xiong'an New Area
Geothermal heat flow is the most direct expression of thermodynamic processes occurring in the interior of the Earth and is closely related to the geothermal gradient and thermal conductivity of rocks. Geothermal heat flow can also reflect the regional geothermal field characteristics accurately than other geothermal parameters. Therefore, it is an important parameter for studying the geothermal fields, regional thermal state, and thermal background, as well as for the exploration and evaluation of geothermal resources [8, 29, 30] . The K parameter of rock thermal conductivity reflects the rock thermal conductivity and is of great significance in the basic geological research of Earth's deep thermal state, lithospheric thermal structure, and thermal evolution [31] . The K parameter is also important for heat flow calculation and lithospheric thermal structure simulation as well as for investigating the current thermal state of the crust [22] .
The 100 samples measured in this study were obtained at sampling depths of 778-5325 m from 33 wells located in different areas of the Xiong'an New Area and covering the main strata and lithologies from the Archaean to the Cenozoic.
The thermal conductivity measurements were conducted at room temperature (20 • C) and normal atmospheric pressure using a Hot Disk thermal constant analyzer (Hot Disk AB, Goteberg, Sweden), with a measurement range of 0.03-500 W/(m·K) and ±3% accuracy.
The hot disk analyzer ( Figure 10 ) measurement is based on the principle of a transient flat heat source method. The core element is a thin-layered, disc-shaped, temperature-sensitive probe, which comprises a conductive nickel metal foil and continuous double helix sheet. During testing, a constant output current is passed through the probe. The resistance of the probe changes with an increase in the temperature. The different thermal conductivities of the samples result in different heat losses of the probe, leading to different voltage changes. Therefore, the thermal conductivity of a tested sample can be obtained accurately by recording the change in voltage in a certain time period.
reservoir is buried deep at approximately 4300 m. In general, the geothermal conditions in the Rongcheng and Niutuozhen uplifts are feasible as high-temperature water is obtained in shallow areas, followed by the Gaoyang uplift, Baxian sag, and Raoyang sag.
The thermal conductivity measurements were conducted at room temperature (20 °C) and normal atmospheric pressure using a Hot Disk thermal constant analyzer (Hot Disk AB, Goteberg, Sweden), with a measurement range of 0.03-500 W/(m·K) and ±3% accuracy.
The hot disk analyzer ( Figure 10 ) measurement is based on the principle of a transient flat heat source method. The core element is a thin-layered, disc-shaped, temperature-sensitive probe, which comprises a conductive nickel metal foil and continuous double helix sheet. During testing, a constant output current is passed through the probe. The resistance of the probe changes with an increase in the temperature. The different thermal conductivities of the samples result in different heat losses of the probe, leading to different voltage changes. Therefore, the thermal conductivity of a tested sample can be obtained accurately by recording the change in voltage in a certain time period. The rock thermal conductivities in the Xiong'an New Area range 1.144-6.689 W/(m·K) with an average of 3.918 W/(m·K). Different lithologies exhibit different thermal conductivities, even for the same lithologic rocks. Clastic rocks vary from 1.144 to 2.687 W/(m·K), whereas carbonate data have a large variation from 1.6 to 6.689 W/(m·K). Dolomite, limestone, metamorphic rock, sandstone, magmatic rock, and mudstone exhibit mean thermal conductivities of 4.941, 3.453, 2.484, 1.814, 1.788, and 1.762 W/(m·K), respectively.
Several factors, such as temperature, pressure, porosity, and mineral composition, affect the rock thermal conductivity [32, 33] . Different rocks exhibit different thermal conductivities due to the differences in mineral composition and structure. For the same rock types, mineral proportions and structures can vary, resulting in different thermal conductivities. The thermal conductivity decreases with an increase in the temperature and increases with an increase in the pressure [34] . Pressure correction of the measured values was conducted using the thermal conductivity-pressure correction formula proposed by Sepold [35] , and it was observed that the measured results exhibited a deviation of less than 1%; therefore, pressure correction [36] can be ignored. To a certain extent, the influence of temperature and pressure on the deep crust can offset each other [37] . Therefore, in this study, the effect of porosity on thermal conductivity was considered, whereas that on temperature or pressure was not considered.
Because air and water exhibit considerably different thermal conductivities, it is necessary to rectify the thermal conductivity of dry rocks evaluated in laboratory.
Based on previous research [38] , the saturation correction was performed as follows:
where K is the corrected rock thermal conductivity W/(m·K), K m is the thermal conductivity of the rock matrix W/(m·K), K w is the thermal conductivity of water in the pores by considering 0.6 W/(m·K), and Φ is the porosity. The strata in the Xiong'an New Area are mainly Cenozoic, Early Paleozoic, Proterozoic, and Archaean. The Cenozoic strata are shallowly deposited, and the sandstone porosity is large; therefore, water saturation correction is needed. The diagenesis of Paleozoic strata and the underlying strata in the Jizhong Depression is complex, and compaction can be observed throughout the diagenesis process [37] . The Proterozoic carbonate reservoir is characterized by complex diagenesis and strong heterogeneity, whereas pore space is mainly characterized by fissures and karst caves [11] . For the single sample characterized by low-to-ultralow permeability observed in the laboratory, it is difficult to determine the overall fracture development characteristics; therefore, thermal conductivity correction is not required. In the study area, mainly thermal conductivity correction of the Cenozoic sandstone samples was conducted.
The porosity correction of the Cenozoic sandstone thermal conductivity was performed (Table 1 ) according to (2) . The correction coefficient is the ratio of the corrected thermal conductivity of the saturated rock samples to the measured thermal conductivity of the dry rock samples. Based on previous experiments [6, 12] , the saturation correction coefficients are mostly between 1.1 and 1.4, whereas those of the Cenozoic sandstone data obtained by the author are between 1.1 and 1.5 (Table 1) , which are consistent with the previous research results. The corrected thermal conductivity was generally between 1.169 and 6.689 W/m K. The accuracy of hot disk analyzer measurement was high, and the data error was small at approximately 10 -4 . Therefore, we plotted the analyzer measurement error of only 3% and mapped the distribution of the thermal conductivity. The relationship between the thermal conductivity and depth of main lithology is shown in Figure 11 . Due to lack of data, no obvious relationship was observed between the thermal conductivity and depth of sandstone and carbonate rocks. The relationship between the thermal conductivity and depth of different lithologies shown in Figure 12 demonstrates an obvious increasing trend in the thermal conductivity of clastic and metamorphic rocks with an increase in the depth, whereas the carbonate rock thermal conductivity shows no obvious change with depth and is relatively dispersed. The Proterozoic and Cenozoic strata in the North China Basin underwent complex tectonic evolution.
The corrected thermal conductivity was generally between 1.169 and 6.689 W/m K. The accuracy of hot disk analyzer measurement was high, and the data error was small at approximately 10⁻ 4 . Therefore, we plotted the analyzer measurement error of only 3% and mapped the distribution of the thermal conductivity. The relationship between the thermal conductivity and depth of main lithology is shown in Figure 11 . Due to lack of data, no obvious relationship was observed between the thermal conductivity and depth of sandstone and carbonate rocks. The relationship between the thermal conductivity and depth of different lithologies shown in Figure 12 demonstrates an obvious increasing trend in the thermal conductivity of clastic and metamorphic rocks with an increase in the depth, whereas the carbonate rock thermal conductivity shows no obvious change with depth and is relatively dispersed. The Proterozoic and Cenozoic strata in the North China Basin underwent complex tectonic evolution. Since various regions contain different rock types and stratigraphic ages, the rock thermal conductivity treatment methods used in these regions differ. For areas exhibiting only one lithology, the arithmetic average value of thermal conductivity can be obtained. However, for areas exhibiting multiple lithologies, weighted or harmonic mean values are usually obtained. The harmonic average Since various regions contain different rock types and stratigraphic ages, the rock thermal conductivity treatment methods used in these regions differ. For areas exhibiting only one lithology, the arithmetic average value of thermal conductivity can be obtained. However, for areas exhibiting multiple lithologies, weighted or harmonic mean values are usually obtained. The harmonic average thermal conductivity can accurately represent thermal conductivity characteristics in the study area and is calculated as follows:
where di is the lithostratigraphic thickness of sample i (m), Ki is the thermal conductivity of sample i (W/(m·K)), and D is the thickness of the calculation interval (m). Based on the thermal conductivity data of different lithologies in the Xiong'an New Area and the published thermal conductivity data for the Changjian and Leixiaodong [18, 34] , thermal conductivities were sorted by age and lithology, and the harmonic mean value of thermal conductivity average was calculated on the basis of the lithologic thickness of strata collected in different ages.
In Table 2 , the rock thermal conductivity column in the Xiong'an New Area is listed as a basis for the geothermal heat flow calculation. Owing to the thermal convection in the reservoir, only the heat flow in the caprock of the study area was studied.
Different heat flow calculation methods were used for different temperature-measurement data. To calculate the geothermal heat flow using systematic temperature data, the following mathematical expression was used:
where q denotes the geothermal flow (mW·m −2 ), G denotes the geothermal gradient value of the thermometric interval ( • C/Km), and K represents the corresponding layer's harmonic mean value of thermal conductivity (W/m·K). The subsection method was used to calculate the geothermal flow for the temperature measurement wells. In this method, the average geothermal gradient is multiplied with the average thermal conductivity of the corresponding intervals. The rock thermal conductivity of the corresponding intervals was calculated using the harmonic average method (3), and the geothermal gradient was calculated using the least-squares method.
The thermal resistance method proposed by Chapman was adopted for the oil-testing data; the geothermal heat flow obtained by this method is expressed as follows:
where q is the geothermal flow (mW·m −2 ), ∆Zi is the difference in interlayer depth between adjacent structures, Ki is the formation thermal conductivity at a depth of Zi (W/m·K), Ts is the temperature data of oil testing, and To is the constant temperature zone (14 • C). Based on the previously collected geothermal gradient data and corresponding rock thermal conductivity, the geothermal flow of 105 wells was calculated in the study area and planar distribution map of the geothermal heat flow in the Xiong'an New Area was obtained ( Figure 13 ). The overall geothermal flow in the Xiong'an New Area is 53.3-106.5 mW·m −2 ,which belong to the high anomaly area with an average of 73 mW·m −2 . The mean heat flow in the mainland of China is 63±24.2 mW·m −2 , the value is 56.54 mW·m −2 [39] in the southern part of the North China Craton and 69 mW·m −2 in the Bohai Bay Basin, which are all lower than the value in the study area .
The heat flow in the North China Craton is relatively high than that in other cratons in the world. The present geothermal characteristics result from basin thermal evolution is closely related to tectonic evolution. After the Mesozoic, North China underwent craton destruction and lithospheric thinning events, which were important tectonic events affecting the geothermal heat flow, providing the study area with a high background heat flow [32, 40] . The overall geothermal flow in the Xiong'an New Area is 53.3-106.5 mW·m −2 , which belong to the high anomaly area with an average of 73 mW·m −2 . The mean heat flow in the mainland of China is 63 ± 24.2 mW·m −2 , the value is 56.54 mW·m −2 [39] in the southern part of the North China Craton and 69 mW·m −2 in the Bohai Bay Basin, which are all lower than the value in the study area.
Main Factors Affecting the Geothermal Temperature Field
The heat flow in the North China Craton is relatively high than that in other cratons in the world. The present geothermal characteristics result from basin thermal evolution is closely related to tectonic evolution. After the Mesozoic, North China underwent craton destruction and lithospheric thinning events, which were important tectonic events affecting the geothermal heat flow, providing the study area with a high background heat flow [32, 40] .
Geothermal anomalies are the consequence of the interplay between a range of geological and hydrological conditions. In the Xiong'an New Area these controlling conditions are the basement structure, large faults, and groundwater factors, leading to present geothermal field characteristics.
By analyzing the geological characteristics and rock properties of the reservoirs and caprocks and observing the logging curve (Figure 14) , the porosity of the caprocks was found to be high because it is mainly dominated by sand and mudstone. Thermal reservoirs, especially the reservoir in the uplifts, always have multiple fracture zones. When fractures develop well in the reservoir, the porosity becomes high, indicating that the gamma logging curve shows a high value that even exceeds that of the caprocks. Based on the above characteristics, we inferred that the migration path of groundwater tends to upward to geothermal reservoirs (Figure 15 ). 
Basement Structure
Basement relief and tectonic configuration dominate the geothermal field distribution in the shallow crust [41] . The geotemperature and geothermal gradient distribution in the area are obviously related to the basement structure and thickness of the sedimentary caprock.
Due to the different structural configurations in uplifts and sags, the rock thermal conductivity changes in the horizontal and vertical directions, resulting in terrestrial heat flow redistribution, where uplifts have high heat flow values and sags have low heat flow values [6, 42] .
As shown in Figure 13 , the uplift geothermal flow in the Xiong'an New Area is relatively high, with the heat flow value in the core area of the Niutuozhen uplift up to 106.5 mW·m −2 , followed by up to 90 and 87.2 mW·m −2 in the Rongcheng and Gaoyang uplift, respectively. When compared with the heat flow values in the uplifts, those in the sags are relatively low. Particularly, the heat flow in the Baxian and Raoyang sag is between 48.9 and 61.6 mW·m −2 and 53.3 and 65.7 mW·m −2 , respectively.
Different thermal conductivities of rocks in different strata lead to geothermal gradient changes in the longitudinal direction and cause the convergence of lateral heat flow from low to high thermal conductivity. Therefore, the differences in thermal conductivity of the Cenozoic caprock, Proterozoic carbonate rock geothermal reservoir, and basement cause the redistribution of heat flow to the surface during conduction, i.e., heat flow concentrates in the thin uplift area, resulting in lower geothermal temperatures in sags than in uplifts as well as a geotemperature difference in map view [43, 44] .
The uplift geothermal gradients are generally higher than the depression area geothermal gradients because depressions have thicker sedimentary layers, mainly comprising sandstone, mudstone, and thicker caprock. Therefore, the thermal conductivity is low, causing a shielding effect on heat from the deep crust. However, the caprock thickness in the uplifts is relatively low, and the basement rock is dominated by the Jxw Formation dolomite, which exhibits considerable thermal conductivity.
Zhou et al. [17] found that the isotherm of the upper part of uplift is a convex curve, which is consistent with the basement relief. On the contrary, the lower part of the isotherm in a sag is a concave curve. A horizontal isotherm exists between the convex and concave curves. Heat flow below the horizontal isotherm is concentrated from the sag to the uplift, whereas it diverges outward near the vertical interface above the horizontal isotherm and converges to the high part of the uplift (Figure 15 ).
Fractures
A coupling relationship exists between the geothermal field distribution and fractures. The existence of faults not only act as heat flow barriers but also cause the transfer and migration of heat flow. Therefore, high and low abnormal heat flows often occur near large faults ( Figure 13 ) [5] .
Different fracture systems exhibit complex evolutionary histories that control the tectonic deformation and evolution of the area. The area developed the NE, NNE, and SW faults, with the NNE fault being the most developed. The faults, mostly normal and strike-slip faults, are large and deep. The secondary tectonic units are mainly controlled by deep and large faults. The geotemperature and geothermal gradient mainly extend to the NNE and NE. The high geothermal field is distributed along the tectonic trend; the high value is consistent with the structural high point and closely related to the large fault.
The Niudong fault is between the Niutuozhen uplift and Baxian sag ( Figure 15 ). The Niudong fault is a high-angle extensional normal fault with large drop and strong activity, and it is the main channel for groundwater activity [11] . Therefore, a high heat flow area is formed in the Niutuozhen uplift.
The east side of the Rongcheng uplift is the Rongcheng fault, which has a NNE strike and dip angle of approximately 45 • , making it gentler than Niudong fault. The vertical displacement of the Rongcheng fault is up to 3000 m, which makes it a growing fault that controls the development of the Neogene formation [45] . Based on the gravity anomaly characteristic analysis, previous studies found that the Rongcheng fault is an upwelling exit of the hot water in the Niuzuozhen basement rock and produces many crack zones and dissolution zones [46] .
Groundwater Activity
Heat transfer mainly occurs though conduction in the Cenozoic caprock and convection in the Proterozoic geothermal reservoir. By analyzing the hydrochemistry and isotope geochemistry, Zhou et al. [17] determined that groundwater in the area originated from the Taihang and Yanshan mountains to the west and north, respectively. The groundwater supply is mainly dependent on atmospheric precipitation, which can be determined by the hydrogen and oxygen isotope data lines near the meteoric water line [47] . Furthermore, strong activity was observed in the Quaternary and Upper Tertiary.
The surface water penetrates deep along the Niudong and Rongcheng faults, becoming high-temperature water after being heated by the deep heat sources. The Niudong fault is a heat-controlling fault, with an overall NNE strike. With favorable vertical groundwater connectivity and large circulation depth, the Niudong fault plays an obvious role in controlling the Niutuozhen uplift's geothermal field.
The bottom of some temperature-depth curves near the Niudong fault zone show obvious convex forms, indicating an upwelling fissure with high-temperature water. The rNa/rCl ratio of the Jxw Formation in the Niutuozhen uplift is greater than 1.0 and mineralization degree is less than 30 g/L, indicating NaHCO 3 -type formation water with a relatively open environment. The rNa/rCl ratio of the Quaternary formation water in the Baxian sag is less than 1.0 and mineralization degree is greater than 40 g/L, indicating CaCl 2 -type formation water in a relatively closed environment [43] . Furthermore, the groundwater quality in the geothermal reservoirs of the uplift and lower sag is significantly different, demonstrating that the Niutuozhen uplift exhibits high geotemperature, large groundwater circulation depth, and good vertical connectivity. Besides, according to the quartz geothermometers, the previous calculated the temperatures for Jxw reservoirs ranging from 81 • C to 127 • C [48] . Moreover, the groundwater temperature is significantly different from that of the Baxian sag, indicating poor horizontal connectivity [17, 49] .
The Rongcheng fault shows peculiarity with respect to the conducting water. High-temperature groundwater upwells along the fault, causing high geotemperature in the Rongdong buried hill. However, the Rongcheng uplift's geothermal gradient is lower than that of the Niutuozhen uplift, which may be closer to the groundwater recharge area and is affected by cold water [11] .
Combined with the Jxw Formation's top temperature (Figure 9 ), the top temperature of the geothermal reservoir in the Niutuozhen and Rongcheng uplifts is less than that of the Baxian sag. It may be that deep hot water loss heat moving upward along the Niudong fault or that hot water merges with shallow cold water, reducing the temperature.
Studies based on the deep geothermal fields relies on understanding of shallow geothermal fields, provided that the structure of the area is relatively stable and that the temperature field is in a steady state [50] . Zhou et al. and Chang et al. [17, 18] noted an abnormally high heat flow caused by groundwater and determined that it could not reflect the area's heat flow state. Therefore, some wells with abnormal values were excluded from the heat flow study.
Discussion
The Xiong'an New Area is rich in geothermal resources with large geothermal reservoir area and high temperature. It is a demonstration area for the development and utilization of medium-low temperature geothermal energy in China. Xiongxian, a typical geothermal field, has used the geothermal reservoir to provide large-scale heating. This study on the geothermal resources in the Xiong'an New Area was performed to mainly clarify the geothermal and geological conditions, namely the characteristics of the heat source, thermal reservoir, caprocks, and channels. The heat in the area mainly comes from the radioactive elements in the upper crust and is generated by the upper mantle. The water source is mainly supplied by meteoric precipitation, and the underground cold water upwelling along the deep and large faults after heating. Then, it accumulates in the Proterozoic carbonate thermal reservoirs, and Cenozoic caprocks provide favorable heat accumulation conditions. In addition, prior researchers estimated the resources in the Xiong'an New Area.
Li et al. estimated the maximum temperature of the carbonate thermal reservoir to reach 225 • C on the basis of the measured temperature curve for the Xiong'an New Area. The volume and Monte Carlo methods were used to calculate the hydrothermal geothermal resources above 40 • C in the area, including the hot water reserves of the Neogene and Archaeozoic reservoirs. The thermal storage capacity of the carbonate thermal reservoir in Xiong'an New Area is 14.5 ± 5.4 × 10 16 kJ, which is equivalent to 49.6 ± 1.86 billion tons of standard coal. At the recovery rate of 15%, recoverable heat is 2.2 ± 0.8 × 10 16 kJ, which is equivalent to 7.4 ± 280 million tons of standard coal. The heat for hot water was found to be 1.4 ± 0.8 × 10 16 kJ, which is equivalent to 4.7 ± 280 million tons of standard coal [14] . Wang et al. mapped the temperature contour diagram of the middle depth within the Proterozoic geothermal reservoir and found that the maximum temperature of middle depth was up to 118 • C. The minimum and maximum values for geothermal resources in the Xiong'an New Area were calculated using the volume method because the parameters were uncertain. The minimum and maximum values of heat storage in the carbonate thermal reservoir were found to be 35.6 × 10 16 and 297.9 × 10 18 kJ, which is equivalent to a heat content of approximately 10 billion tons of coal [19] .
Previous studies on the Xiong'an geothermal resources adopted the volume method. The influence of the physical rock properties and other parameters was considered in calculations, whereas that of groundwater activity on the geothermal field was not considered. Due to the influence of groundwater activities, the actual reservoir heat storage is likely less than the calculated value.
Well drilling in the area was mainly focused on uplift and the drilling strata were focused on the Paleozoic sandstone formation. Most wells were oil wells, and there is lack of geothermal wells, especially deep geothermal wells. Due to the drilling conditions, we could not obtain real steady-state heat flow data. Therefore, to determine the amount of groundwater activity that affects the geothermal field, temperature measurements of deep wells are required. Determining the temperature in the metamorphic basement, which is not affected by convection under the Jxw reservoir, would play an important role in understanding the deep conductive geothermal field in the Xiong'an New Area.
Conclusions
1.
The geothermal gradient in the Xiong'an New Area is 24.6-72.8 • C/km, with an average of 35 • C/km, which is consistent with the basement relief over the region. In addition, the logging data indicate that the geothermal gradient is higher in uplifts (average value of 40 • C/km) and lower in depression areas (average value of 30 • C/km). The top surface temperature of the Jxw reservoir shows that the temperatures in the north and northwest are low, whereas that of the southeast is high.
2.
The thermal conductivities of different lithologies range 1.144-6.689 W/m·K. The average thermal conductivities, ranked from high to low, were dolomite (4.941 W/(m·K)), limestone (3.453 W/(m·K)), metamorphic rock (2.484 W/(m·K)), sandstone (1.814 W/(m·K)), igneous rock (1.788 W/(m·K)), and mudstone (1.762 W/(m·K)). The harmonic average thermal conductivity of each layer was calculated on the basis of the lithological ratio, with the Cenzoic strata mainly comprising sandstone and mudstone with an average thermal conductivity of 2.006 W/(m·K); the early Paleozoic strata mainly comprising limestone and mudstone with an average thermal conductivity of 3.395 W/(m·K); the early and middle Proterozoic dominated by dolomite with average thermal conductivities of 4.361 and 5.155 W/(m·K), respectively; late Proterozoic dominated by marl with an average thermal conductivity of 2.846 W/(m·K); and Archaean dominated by granulite and gneiss with an average thermal conductivity of 2.661 W/(m·K).
3.
The terrestrial heat flow in the Xiong'an New Area is 53.3-106.5 mW·m −2 , with an average of 73 mW·m −2 , which is higher than mainland China's average value of 63.0 ± 24.2 mW·m −2 . This resulted from the destruction of the North China Craton. Regionally, geothermal flow is obviously controlled by the basement structure, with higher heat flow in uplifts and lower heat flow in sags.
4.
The present geothermal field in the Xiong'an New Area is mainly controlled by an interphased uplift and sag tectonic pattern. Under this tectonic setting, heat flow redistributed to the surface and converged in uplifts during conduction because of the lower thermal conductivity in caprocks and higher thermal conductivity in reservoirs and basement rocks. Furthermore, the groundwater activity through faults and convection in geothermal reservoirs is important for forming high-temperature groundwater. Under the influence of complex tectonic settings and groundwater activity, the area's geotemperature has been redistributed from deep to shallow, and the measured heat flow in shallow caprocks cannot reflect the deep thermal state.
